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SUMMARY 


Information from the literature and from recent investigations is 
used herein to summarize briefly the effects of airfoil section parameters 
and flow variables on the aerodynamic cheiracteristics of two-dimensional 
symmetrical airfoils at hi^ angles of attack. The results presented 
indicate that airfoil thickness ratio, Reynolds nuniber, Mach number, and 
surface roughness can all have an important effect on the mayl mum lift 
coefficient. The effect of surface roughness seems to be particTOlarly 
in^jortant. Not only can surface roughness cause large decreases in naxi- 
mum lift coefficient, hut eilso the magnitudes of the effects of Reynolds 
mmiher, Mach number, and airfoil thickness ratio are much reduced by sur- 
face roughness. Beyond the stall, changes in section thickness ratio 
appear to have little effect on the aerodynamic characteristics of air- 
foil sections. An investigation of one section through an angle -of - 
attack range of from 0° to 3^0° shows that the drag coefficient reaches 
a value of 2 at an angle of attack of 90°. 


INTRaDDCTION 


The present paper is concerned with certain aspects of the behavior 
of airfoil sections at high angles of attack with particular en 5 )hasls on 
the needs of the helicopter designer. The state of our knowledge of the 
effects of several airfoil design peirameters and flow variables on the 
maxi mum lift coefficient will be summarized first. This summary will be 
limited to symmetrical airfoils operating in the range of Mach number 
below O.lj- and is based on information which has been in the literature 
for a number of years (refs. 1 to 4). Some of the trends shown by recent 
investigations of the lift, drag, and pitching-moment characteristics of 
airfoil sections in the angle -of -attack range well beyond the stall will 
then be presented. The investigations leading to these results were 
made in response to a need of the designer for airfoil characteristics 
corresponding to conditions on the retreating blade of a hi^-speed 
helicopter and are only partially reported at the present time (ref. 5)* 
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SYMBOLS 


c airfoil chord 

section drag coefficient 

c^ section lift coefficient 

c, Ttiaxlimm section lift coefficient 

^MAX 

M Mach number 

R Reynolds number 

t ma xi mum thickness of airfoil section 

X(jp center-of-presstire position, percent c 

a angle of attack, deg 


RESULTS AND DOBCDSSION 


The nature of the effects of airfoil thickness, leading-edge surface 
condition, and Reynolds number on the maximum lift coefficient is shown 
in figure 1 for a Mach number of about 0.15* The maximum lift coefficient 
is plotted on the ordinate and the airfoil thickness is on the abscissa. 
The curves shown are based on restilts contained in references 1 to 5 for 
NACA 65 -series and series thickness forms. These particular thickness 
forms "were chosen for discussion becaxise their cheiracteristics are thou^t 
to represent a good compromise between various desirable qualities at both 
hi^ and low speeds. The trends in figure 1, however, may be considered 
typical of other symmetrical thickness forms having reasonably large 
leading-edge radii, such as, for example, thickness forms of the NACA 
digit-series family. The solid lines are for airfoils with smooth sur- 
faces and the dotted lines are for airfoils with rou^ened leading edges. 
The smooth co n dition referred to here is one in which the contour of the 
model is held very close to the specified ordinates anii the surface is 
kept completely free of all dust, dirt, lint, paint blisters, and other 
disturbances which can be felt or seen. The rou^ surface condition is 
one in which the leading edge of the 2 if-inch-chord model is covered with 
0 . on-inc h -dlameter carborundrmi grains. The two surface conditions are 
thbu^t to represent about the best and the worst that could be obtained 
in practice. 
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The trend of maximum lift with thickness shown in figure 1 for smooth 

sections at a Reynolds number of 6.0 x 10^ is characterized hy a large 
increase in maximum lift coefficient with airfoil thickness in the range 
of thickness between 6 and 12 percent. A gradual decrease in maximum 
lift is noted as the thickness is increased to l8 percent. Some'vdiat the 

same trend is evidenced by the results at a Reynolds number of 20 x 10^ 
except for the continued increase in maxiimmi lift as the thickness is 
increased to l8 percent. A veiy lEirge reduction in the maxiTmim lift of 
most of the airfoils is noted as the Reynolds number is reduced from 

6.0 X 10^ to 1.0 X lo6, with the result that increases in airfoil thick- 
ness have a very much reduced effect on the maximum lift coefficient at 

a Reynolds ntmiber of 1.0 x 10^ in congjarison with 6.0 x 10^. The trends 

shown for Reynolds nunibers of 1.0 x 10^ and 20.0 X 10^ may he thought of 
as limits, in that variations in Reynolds number outside of this range 
would be expected to have only a sTmll effect on the maxiTm.im lift coeffi- 
cient. The results for a Reynolds number of 6.0 x 10^ indicate that, 
for airfoils in the thickness range between 9 aiid 15 percent, the major 
portion of the scale effect takes place between Reynolds numbers of 

1.0 X 10^ and 6.0 X lO^j whereas, for airfo ils outside this range of 

thickness, variations in Reynolds number above 6.0 x 10^ cause increases 
in maximum lift which may be significant. In any case, the exact shape 
of the curve of maximum lift coefficient against Reynolds number varies 
with airfoil section design. Fortunately, however, sufficient airfoil 
section data are available so that, by proper interpolation and conipail- 
son, a reasonable estimate can be made of the maximum lift coefficient 
corresponding to some particular Reynolds number. . 

A conparison of the data at a Reynolds number of 6.0 x 10^ for the 
airfoils with roii^ and smooth surfaces indicates that lead i ng-edge rou^- 
ness can cause a very large reduction in Tnaxlmmi lift. The magnitude of 
the effect is greatest for thickness ratios of the order of 12 percent 
of the chord, is somewhat redticed for the larger thickness ratios, and 
is negligible for a thickness ratio of 6 percent of the chord. As a 
result, increasing thickness is relatively much less powerful as a means 
of Increasing the maxiimmi lift of airfoils in the rou^ surface condi- 
tion than in the smooth surface condition. Leading-edge roughness is 
seen to have only a small effect on maximum lift for a Reynolds number 

of 1.0 X 10^. This small effect would be expected since the values of 
the maximum lift coefficient for the smooth condition at this Reynolds 
number eire approaching the flat-plate value. Comparison of the results 

for Reynolds numbers of 1.0 x 10^ and 6.0 x 10^ indicates that the scale 
effect is relatively small, for airfoils in the rough surface condition. 

This is also the case for Reynolds numbers higher than 6.0 x 10^ as is 
shown by results in reference 5 for a 9-porcent-thick section for which 
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increasing tbe Reynolds number from 6.0 x 10^ to 25-0 X 10^ caused no 
change in the mftirtTmnn lift coefficient for the ro\i^^ surface condition. 

Some indication of the effect of small increases in Mach mmdber on 
the maximum lift coefficient can he obtained from data in reference 4 pre- 
sented here in figure 2. The maximum lift coefficient is plotted against 
Mach number for Mach numbers from 0.1 to 0.4 and for a constant Reynolds 

number of 6.0 x 10^. The airfoils are of 6-, 10-, and 15-percent thick- 
ness. The 10- and 15-percent-thick sections have approximately 1 percent 
camber ■whereas the 6-percent-thick section is symme'trical. Direct com- 
parisons of -the ma-}dTm.Tm lift coefficients of the 6-percent-thick section 
■with ■those of the 10- and 15 -percent-thick sections should not, there- 
fore, he made. The results shown in this figure indicate rather large 
reductions in -the maviTimiTi lift of smooth sections to accompany increases 
in Mach n^umber from 0.1 ■to 0.4, at least for -the 10- and 15-percent-thlck 
sections. Mach number has no effect on ■the maximi.mi lift of ■the 

6-percent-thlck section except for the small rise at Mach number 0.2. 

In "the 3TOu^ s^urface condition, the Mach number has been found ■to have 
little effect on the maximnmi lift coefficient. 

The "trends sho"wn in figures 1 and 2 Indicate that airfoil thickness, 
Reynolds number, Mach nunber, and s^urface roughness can all have an impor- 
tant effect on the maxiimma lift coefficient. The effect of surface rou^- 
ness seems to be panticularly important. Not only can surface roughness 
cause large decreases in maximum lift coefficient, but also -the magnitudes 
of the effects of Reynolds nunber, Ifech number, and airfoil ■thickness 
ratio are much reduced by surface roughness. Thxis, in a sense, severe 
surface roughness may "tend to sin^jlify airfoil selection problems. In 
■view of the magnl^tude of the effect of surface condition, a means for 
estimating the na^ture of the surface condition of a rotor blade in rela- 
tion to the smoo"th and srough leading-edge conditions employed in wind- 
■tunnel Investigations seems partlcvilarly important. Since this problem 
involves not only methods of blade cons"tructlon and fabrication, but 
also the extent "to "Which b"ugs and dirt have accumulated on the leading 
edge, general rules are dlfflciilt to formulate. It seems significant, 
however, that investigations of several ro-tors on the Langley helicop"ter 
•test tower ha-ve yielded results which could be reproduced by calculations 
enrploylng airfoil section maximum lift coefficients corresponding to the 
rou^ leading-edge condition. 

Wi'th this bidef summary of the maxiraum-llft problem, some of the 
trends sho"wn by the more recent res"ults obtained on airfoils at hi gh 
angles of attack "will be discussed. Six symmetrical airfoils of the 
MCA 64-series family were investi^-ted throu^ an angle -of -attack range 
extending from 0° to 30°. The airfoil thickness -varied from 6 to l8 per- 
cent of "the chord. In addition, an MCA 0012 section "was tested. Althou^ 
measurements were made at se^veral s"ubsonlc Mach nunbers, the trends to be 
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shown are for a Mach nun±)er of O.5 and may he considered typical of all 
the results obtained. 

The lift characteristics of the seven airfoils ane shown in figure 3 
in which the lift coefficient is plotted against angle of attack. The 

data are for a Reynolds number of I.3 X 10^ and a smooth surface condition. 
After the first peak in the lift coefficient, which is usually defined as 
the maxlTmjm lift coefficient, all the airfoils are characterized by a 
drop in lift after which the lift again increases with angle of attack. 

The lnportant trend indicated by these results Is that, after an angle 
of attack of about l4° to l6°, the lift characteristics of all the air- 
foils tend to look very much alike. Althou^ some differences are seen 
in the curves for the various airfoils, these differences are not thou^t 
to be particularly important becaiise of the relatively small values of 
the dynamic pressiore which exist in the vicinity of the retreating blade 
on a helicopter. As would be expected on the basis of the results shown 
in figures 1 and 2, the maxi, mum amount of the difference in maximum lift 
shown by all of the airfoils is only about 0.2. At higher Reynolds num- 
bers and lower Mach mimbers, the differences in the maximum lift coeffi- 
cients of the airfoils would, of course, become larger. Beyond the stall, 
however, it is thou^t that the curves shown here can be interpreted in 
terms of lift results at higher Reynolds numbers. For example, if the 
maximum lift coefficient were 1.4 and this lift coefficient occurred at 
an angle of attack of 15°^ "the data shown in figure 3 woiild be expected 
to correspond to those at the hi^er Reynolds number for angles of attack 
above l8° or 19° • The addition of leading-edge rotigjmess was found to 
have little effect on the lift characteristics of the airfoils beyond 
the stall. 

The chordwise position of the center of pressure is shown plotted 
against angle of attack for the seven airfoils in figure 4. The center 
of pressure is seen to shift from about the 25-percent-chord station to 
about the 43-percent-chord station as the airfoil passes from the unstalled 
to the stalled condition. The angle of attack at which this transition 
begins varies with the airfoil sectlonj however, beyond the stall, there 
appears to be little effect of airfoil section thickness on the position 
of the center of pressure, nor does the center of pressure shift very 
much with angle of attack. 

The section drag coefficient is plotted against angle of attack in 
figure 5 for the seven airfoil sections. Again the obvioxis conclusion 
is* that variations in airfoil thickness have little effect on the drag 
beyond the stall. 

Relatively large portions of the retreating blade on a high-speed 
helicopter may be operating at angles of attack in the range between 0° 
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and 180 °. In order to provide some indication of the characteristics of 
an airfoil section through such an angle -of -attack range, the MCA 0012 
section has been tested throu^ an angle-of -attack range extending from 

0° to 360 °. The Reynolds number of these tests was about 2.0 x 10^ and 
the Mach number was no greater than 0.15* The lift and drag character- 
istics obtained ane plotted against angle of attack in figure 6 . The 
bd^ value of the drag at an angle of attack of 90 ° is to be noted. 

This value of 2.0 checks the value of 2.0 given by Wieselsberger in refer- 
ence 6 for a two-dimensional flat plate perpendicular to the wind. These 
same German results show a marked effect of aspect ratio on the drag at 
an angle of attack of 90°. For example, the drag coefficient of an 
aspect-ratio -20 flat plate is shown to be about 1.48 in comparison with 
the two-dimensional value of 2.0. Th i s result emphasized a basic ques- 
tion as to how two-dimensional data should be applied to a rotating wing 
for those cases in which the flow over one surface is characterized by 
extensive regions of separation. Unf ortunately , little information 
dealing with this problem is available at present. 


CONCLUDING REMAEOffl 


The results presented indicate that airfoil thickness ratio, Reynolds 
number, Mach number, and surface roioghness can all have an importent 
effect on the maximum lift coefficient. The effect of surface roughness 
seems to be particularly important. Not only can surface roiaghness cause 
large decreases in maximrum lift coefficient, but also the magnitudes of 
the effects of Reynolds number, Mach number, and airfoil thickness ratio 
are much reduced by siirface roughness. Beyond the stall, changes in sec- 
tion thickness ratio appear to have little effect on the aerody n a mi c 
characteristics of the airfoil sections. The hi^ value of the drag 
coefficient obtained with an airfoil section at an angle of attack of 90° 
is in agreement with the value of 2 given in the literature for an infi- 
nite flat plate inclined normal to the flowj the marked effect of aspect 
ratio on the drag at an euigle of attack of 90 ° emphasizes the question 
as to how two-dimensional data should be applied to a rotating wing on 
which extensive regions of separation are present. 


Langley Aeronautical Laboratory, 

National Advisory Committee for Aeronautics, 
Langley Field, Va. , June 11, 1954. 
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AIRFOIL MAXIMUM- LIFT TRENDS 
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LIFT AT HIGH ANGLES OF ATTACK 

M = 0.5; R« 1.3X10® 
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Figure 3 


C.R POSITION AT HIGH ANGLES OF ATTACK 

M=0.5j R« 1.3X10® 



Figure 4 
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DRAG AT HIGH ANGLES OF ATTACK 
R« 1.3X10® 

NACA AIRFOIL 
SECTION 
64-006 



Figure 5 


LIFT AND DRAG FOR ANGLES OF ATTACK TO 360" 
NACA 0012 AIRFOIL SECTION 
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